Dissolved air flotation (DAF) is a method for removing particles from water using micro bubbles instead of settlement. The process has proved to be successful and, since the 1960s, accepted as an alternative to the conventional sedimentation process for water and wastewater treatment. However, limited research into the process, especially the fundamental characteristics of bubbles and particles, has been carried out. The single collector collision model is not capable of determining the effects of particular characteristics, such as the size and surface charge of bubbles and particles. Han has published a set of modeling results after calculating the collision efficiency between bubbles and particles by trajectory analysis. His major conclusion was that collision efficiency is maximum when the bubbles and particles are nearly the same size but have opposite charge. However, experimental verification of this conclusion has not been carried out yet. This paper describes a new method for measuring the size of particles and bubbles developed using computational image analysis. DAF efficiency is influenced by the effect of the recycle ratio on various average floc sizes. The larger the recycle ratio, the higher the DAF efficiency at the same pressure and particle size. The treatment efficiency is also affected by the saturation pressure, because the bubble size and bubble volume concentration are controlled by the pressure. The highest efficiency is obtained when the floc size is larger than the bubble size. These results, namely that the highest collision efficiency occurs when the particles and bubbles are about the same size, are more in accordance with the trajectory model than with the white water collector model, which implies that the larger the particles, the higher is the collision efficiency.
Introduction
Dissolved air flotation (DAF) is a process by which low density particles are removed from water and wastewater by using micro bubbles generated when air-saturated water is forced into the reactor. In order to achieve good removal efficiency of solid -liquid separation, the contact zone should have a high collision efficiency and collision opportunity between particles (AWWA, 1999) . The collision between the particle-bubble is known to be the process that has the greatest impact on the efficiency of the flotation process (Kitchener and Gochin, 1981) . The lager the floc size is, the collision efficiency that shows the possibility of collision between the particle -bubble is increased under the assumption that the electric chemical properties of the bubble and the particle surface and the properties of the bubble are consistent (Edzwald, 1995) . In addition, the highest efficiency is obtained when the surface charge of the bubbles and particles is near the point of zero charge and particles and bubbles are similar or when the sizes of the particles and bubbles are similar and they have opposite charges (Han, 2001) . However, this model has the limitation that bubble and particle sizes are fixed. Hence, in the actual DAF process, the particle sizes have varying size distributions, and using the mean particle size for calculating the removal efficiency can result in errors occurring. The latter is caused by the unavailability of a precise method by which to measure the floc size, and hence the collision model among variable particles and bubbles is not certified.
The objective of this study is therefore to analyze the effect of the relationship between bubble size and particle size on the removal efficiency with an image analysis instrument of high accuracy. Specific aspects of the study included: (1) changing the recycle ratio to determine the relationship between bubble volume concentration and removal efficiency, and (2) changing the pressure to determine the relationship between bubble volume concentration, bubble size and removal efficiency.
Experimental methods

Preparation of samples
The suspension used in the experiment was a mixture of kaolin powder and distilled water. The turbidity of the raw water was fixed at 20 NTU. The pH and alkalinity of the suspension were adjusted to 7.6 and 50 ppm (as CaCO 3 ) using H 2 SO 4 and NaHCO 3 . The temperature was fixed at 15 8C. Alum (Al 2 (SO 4 ) 3 .18H 2 O) at a concentration of 1% (w/v) was used as coagulant to fix the chemical properties of the floc surface. The suspension with the coagulant added was placed in a 1 l jar and then rapidly stirred at a rate of 200 s -1 for 30 s in order to obtain particles with variable properties. In a tapered mixing period, flocculation shear strengths of 45, 83, 115, 143 and 170 s -1 were applied to the suspension for 300-1800 s at intervals of 300 s.
Image analysis
A 20 ml sample was collected from the reactor using a pipette with a diameter tip of 10 mm. The sample was injected into to a PVC cell of size 2 mm (h) £ 100 mm (l) £ 100 mm (w). A digital camera (Nikon Coolpix 4500) equipped with a trifocal microscope (Meiji Techno Co.) was used to record pictures of the flocs (20 times). The computational analysis utilized a commercial program (SigmaScan Pro, SPSS) to consider the irregular shapes of the flocs. Further information is given in Han et al. (2006) There are several ways in which floc size can be defined. In this study, a Feret's diameter was selected for determining the floc size. This diameter is defined as the average of the longest horizontal and vertical lengths of the particle/floc profile, according to Equation 1.
Saturated water was introduced into the lower level of the cell. The digital camera with the trifocal microscope measured the bubble size. Figure 1 shows the image analysis Figure 1 Schematic illustration of image analysis used for floc size measurement process used to measure the properties of bubbles and flocs. Figure 2 shows the DAF experimental setup. The experimental conditions were as follows: pressure 2, 3 and 5 atm; recovery rates 4% and 10%; separation time 3 min.
Experiment results
In order to determine the effects of the relationship between bubble and particle sizes on the removal efficiency, flocs were formed under different shear conditions and the bubble sizes were regulated by pressure. A change in pressure changed the bubble volume concentration and bubble size simultaneously. In order to determine the effects of bubble volume concentration on removal efficiency, first the recycle ratio was changed and then the pressure was changed.
The effect of the recycle ratio on removal efficiency Figure 3 shows the relationship between floc size and the removal efficiency according to recycle ratios of 4% and 10%. The removal efficiency increases as the floc size increases, but after a certain point the efficiency becomes constant. Results show that the removal efficiency at 10% is greater throughout. As the bubble volume concentration increases, so the collision opportunity between bubble and particle also increases, and as the collision between particle and bubble increases, so does the attachment efficiency. This result was found at pressures of 2 and 3 atm, with the recycle ratios of 4% and 10%.
The effect of pressure on removal efficiency
The higher the pressure, the smaller the bubble size (Sander et al., 1994) . Figure 4 shows the size distribution of bubbles at pressures of 2, 3 and 5 atm as measured by the method described earlier (see Figure 2 ). The change of average bubble size with pressure is shown in Table 1 . It appears that the lower the pressure the wider is the bubble size distribution and the smaller is the ratio of the bubble number. When the size distribution of bubbles recorded under the experimental conditions used in this study is compared with results from the particle counting method (Han et al., 2002) , there was little difference at 5 atm. This is because the particle counter has a shorter measurement period. Figure 5 shows the efficiency (residual turbidity) changes for different floc sizes and pressures when the recycle ratio is fixed at 4%. The relationship between floc mean size, pressure and efficiency shows the effect of pressure on efficiency. The critical floc size at which efficiency does not change is 32 mm at 5 atm and 40 mm at 3 atm. At 2 atm pressure, the efficiency increases until the floc size is 55 mm. However, the critical floc size is not identified as 55 mm or more in this experiment. When comparing the critical floc size and Figure 2 DAF experimental setup the mean bubble size, the difference is in the range of^2.0 mm. When this result is applied to the 2 atm pressure condition, the efficiency is expected to increase until the bubble size is 70^2.0 mm. When these results are considered together with the results of the effect of the recycle ratio and pressure, it appears that if the efficiency is changed by the bubble volume concentration, then the bubble size changes the critical floc size. Figure 5 shows that as the pressure increases, so the efficiency is increased by the bubble volume concentration throughout, and as the critical floc size decreases, the bubble size decreases. 
Discussion
The single collector model (Edzwald et al., 1990) , the heterogeneous coagulation model (Tambo and Matsui, 1986 ) and the trajectory model (Han, 2001 ) were used to model bubbles and particles in a separation zone. Edzwald made the assumption that micro bubbles in a separation zone act like sand in a filter bed and that micro bubbles are the collectors of floating particles. The white water collector model shows the lowest efficiency at a floc size of 1 mm when the real floc intensity and bubble size were used. If the floc size is more or less than 1 mm, the efficiency increases. In the DAF process, however, the target particles are larger than 1 mm, and in the white water collector model of Tambo, a collision model between particles and bubbles using a kinetic model of particles in the heterogeneous coagulation model is suggested. In this model, when the bubble size was fixed at 10-100 mm and the mean bubble size was fixed at 40 mm, the collision efficiency increased as the particle size increased ( Figure 6 ). Han (2001) showed that the collision efficiency increases as the particle size increases above 1 mm, and that maximum efficiency is obtained when the particles and bubbles are of similar sizes. If the particle size is greater than the bubble size, the efficiency decreases. When the particle density was adjusted to 1.2 g cm -3 , similar to the real floc density, the removal efficiency decreased slightly (see Figure 7 ). In addition, when the particle density was adjusted to 1.01 g cm -3 , as in Edzwald's assumption, the collision efficiency does not decrease.
In this study, batch tests were used to determine the effects of the relationship between mean floc size and pressure on removal efficiency according to the trajectory analysis for the collision efficiency. The difference between the modeling and experimental results is that modeling uses a limited bubble and particle size, but the experimental method uses varying size distributions. By assuming particle and bubble sizes apart from mean size, Han's model gives the best accuracy for the results of the three models. Hence, for increased removal efficiency, in the flocculation process, an increased floc size over bubble size is required rather than a smaller bubble size.
Conclusions
The bubble volume concentration determines the efficiency of the entire range of particle sizes. The average bubble size has an important effect on the range of target particles. That is, the greater the bubble volume concentration, the greater the efficiency about the whole particle size. Further, the removable particle size decreases as the bubble size decreases. Results show that Han's model, using trajectory analysis, is in agreement with the experimental results. This suggests that adequate operational conditions can be determined using the floc size, and this could eventually promote improvements in the efficiency of the subsequent solid-liquid separation process. If a big floc is formed, the pressure and recycle ratio can be reduced. If a small floc is formed, by controlling the pressure, the removable particle size can be increased; hence, the removal efficiency will be increased.
